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Abstract The nuclear magnetic resonance structure of the un-
liganded pheromone-binding protein (PBP) from Bombyx mori
at pH above 6.5, BmPBPB, consists of seven helices with resi-
dues 3^8, 16^22, 29^32, 46^59, 70^79, 84^100, and 107^124,
and contains the three disul¢de bridges 19^54, 50^108, and 97^
117. This polypeptide fold encloses a large hydrophobic cavity,
with a su⁄cient volume to accommodate the natural ligand
bombykol. The polypeptide folds in free BmPBPB and in crys-
tals of a BmPBP^bombykol complex are nearly identical, in-
dicating that the B-form of BmPBP in solution represents the
active conformation for ligand binding.
/ 2002 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction
Females of the silkworm moth Bombyx mori produce a
linear, partially unsaturated 16-carbon alcohol (bombykol
[1]) as a sex pheromone that is recognized by the male at
long distances and with high speci¢city. In the sensory organs
of the male B. mori, bombykol is transported through the
sensillar lymph to the olfactory receptors by a pheromone-
binding protein, BmPBP, which occurs at high concentrations
in moth olfactory hairs [2]. The crystal structure of BmPBP
complexed with bombykol shows that the ligand is completely
enclosed in the core of the protein [3]. This structure leaves
open by which mechanism the ligand enters and exits BmPBP.
Nuclear magnetic resonance (NMR) and circular dichroism
spectroscopic investigations have shown that BmPBP exists
in two di¡erent conformational states, depending on the pH
[4,5]. NMR structure determination of the ‘acidic form’,
BmPBPA, present at pH 4.5, revealed a striking novel confor-
mation when compared with the BmPBP^bombykol complex.
This includes insertion of a helix formed by the C-terminal
dodecapeptide into the space occupied by the ligand in the
complex, the unraveling of the N-terminal helix of BmPBP in
the complex, and signi¢cant changes in a loop covering the
binding site [6]. The BmPBPA structure thus provides a
straightforward rationale for the observation that PBPs do
not bind ligands below pH 5.0 [7,8]. To obtain a more com-
plete picture of the mode of action of BmPBP, we have now
determined the NMR structure of the unliganded form
present at the physiological pH in the bulk sensillar lymph,
i.e. pH 6.5, which we name BmPBPB. BmPBPB contains a
hydrophobic cavity with su⁄cient volume to accommodate
a bombykol molecule, indicating that it is the active confor-
mation for pheromone binding.
2. Materials and methods
The expression and puri¢cation of 13C,15N-labeled BmPBP in Es-
cherichia coli has been described previously [4]. The NMR sample
used for the structure determination of BmPBPB was prepared by
dissolving 7 mg of lyophilized, uniformly 13C,15N-labeled BmPBP in
0.6 ml of 95% H2O/5% D2O containing 50 mM potassium phosphate
bu¡er at pH 6.5 and 2 mM NaN3, resulting in approximately 0.7 mM
protein concentration. A biosynthetically directed 10% 13C-labeled
sample [9] was prepared in the same way, except that only 10% of
the glucose supplied in the medium as the sole carbon source was
uniformly 13C-labeled.
2.1. NMR spectroscopy
All NMR measurements were performed at 20‡C either on a Bruker
DRX 500 spectrometer equipped with a cryogenic probe head, or on
Bruker DRX 600 and DRX 750 spectrometers. All these instruments
are equipped with four channels, and with triple resonance probe
heads with shielded z-gradient coils. Proton chemical shifts are refer-
enced to internal 2,2-dimethyl-2-silapentane-5-sulfonate, sodium salt
(DSS). 13C and 15N chemical shifts are referenced indirectly to DSS,
using absolute frequency ratios with the 1H signals [10]. The spectra
were processed with the program PROSA [11], and the program
XEASY was used for the spectral analysis [12].
2.2. Structure determination and analysis
Peak lists of the three nuclear Overhauser e¡ect spectroscopy
(NOESY) spectra in Table 1 were generated as input for the programs
CANDID and DYANA with the program XEASY [12] and auto-
matic integration of the peak volumes with the program SPSCAN
(Ralf Glaser, personal communication). The input further contained
the chemical shift list corresponding to the sequence-speci¢c assign-
ments. NOE cross-peak assignments were then obtained with the pro-
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gram CANDID [13] used in conjunction with three-dimensional struc-
ture calculations with the program DYANA [14]. The CANDID/
DYANA calculation consisted of the standard protocol of seven
cycles of iterative NOE assignment and structure calculation [13].
During the ¢rst six CANDID cycles, ambiguous distance constraints
[15] were used, whereas for the ¢nal calculation only distance con-
straints corresponding to unambiguously assigned NOEs were re-
tained. In each cycle, the DYANA input of NOE distance constraints
assigned by CANDID was supplemented by 276 constraints for the
backbone dihedral angles P and i that were derived from 13CK chem-
ical shifts [16], 172 M1 and M2 side chain dihedral angle constraints
derived from analysis of intraresidual NOE intensities [17], and the
standard upper and lower distance constraints for the three disul¢de
bonds [18]. The 20 conformers with the lowest ¢nal DYANA target
function values were energy-minimized in a water shell with the pro-
gram OPALp [19,20], using the AMBER force ¢eld [21] (Table 2).
The program MOLMOL [22] was used to analyze the resulting 20
energy-minimized conformers and to prepare drawings of the struc-
tures. Secondary structure boundaries were de¢ned using the algo-
rithm of Kabsch and Sander [23], as implemented in MOLMOL.
Internal cavities were characterized using the program VOIDOO [24].
3. Results
3.1. Resonance assignments and NMR structure determination
of BmPBPB
Sequence-speci¢c assignments for the 1H, 15N and 13C res-
onances of BmPBPB were obtained using standard 3D triple-
resonance experiments, 3D 15N- and 13C-resolved [1H,1H]-
NOESY spectra, and additional experiments for side chain
assignments (Table 1). The backbone assignments are com-
plete, with the exception of the amide groups of residues
Gln 2, Tyr 34, Met 131 and Asp 132, the N-terminal amino
group, CK of Gln 2, and the carbonyl carbons of Ser 1, Ser 9,
Phe 33, Ser 130 and Met 131. The amino acid side chain
assignments of non-labile hydrogens are complete except for
CNH2 and COH2 of Lys 6, Lys 14, and Lys 78, CNH2 of Lys
124, CQH of Leu 10 and Leu 90, COH3 of Met 23 and Met 74,
CLH2 and COH3 of Met 131, CLH2 and CQH2 of Pro 129,
CO3H and Cj3H of Trp 37, and CO1H of His 80 and His 95.
The labile side chain protons of Asn, Gln, Trp and Arg are
completely assigned, with the sole exception of NNH2 of Asn
35. The absence of some HN, 15N and 13C resonances in the
loop of residues 33^46 and in the peptide segment of residues
129^132 is probably due to slow conformational exchange.
The observation of strong sequential dKN NOEs indicates
that the prolyl residues 64, 102 and 129 are all in the trans
conformation [25].
The peak lists derived interactively with the program
XEASY [12] from the 3D 15N- and 13C-resolved [1H,1H]-
NOESY spectra contained the chemical shift positions and
the integrals for a total of 4685 cross-peaks, which includes
numerous redundancies as well as NOEs corresponding to
covalent structure-¢xed distances. Together with a list of the
1H, 15N, and 13C chemical shifts derived from the sequence-
speci¢c assignments, this provided the input for the programs
CANDID [13] and DYANA [14], which yielded assignments
for 2041 ‘meaningful’ NOE upper distance limits and the
NMR structure of BmPBPB with the statistics given in Table
2 (for details, see Section 2). The global rmsd values relative
to the mean coordinates of 0.95 AT calculated for the backbone
heavy atoms of residues 1^128 and 1.39 AT for all heavy atoms
of the same polypeptide segment show that the precision of
the structure determination is signi¢cantly lower than for
BmPBPA [6].
3.2. The NMR structure of BmPBPB
The solution structure of BmPBPB is composed of seven
K-helices arranged into a globular domain of residues 1^128,
and an ‘unstructured’ tail of residues 129^142 (Fig. 2). The
seven helices span the residues 3^8 (K1a), 16^22 (K1b), 29^32
(K2), 46^59 (K3), 70^79 (K4), 84^100 (K5), and 107^124 (K6)
(Fig. 1), where the notation K1a and K1b corresponds to
Table 1
Survey of the NMR experiments used to obtain sequence-speci¢c resonance assignments and the conformational constraints for the BmPBPB
structure determination
Spectruma X0 (1H) (MHz) Nucleib Data sizeb (complex points) t1max, t2max, t3max b (ms)
Backbone assignments
2D [15N,1H]-COSY 500 15N, 1H 307U1024 128, 122
3D HNCA 600 15N, 13C, 1H 34U30U1024 21.5, 7.5, 136.4
3D HNCACB 600 15N, 13C, 1H 34U64U1024 19.6, 7.3, 122.9
3D CBCA(CO)NH 600 15N, 13C, 1H 34U10U1024 19.6, 1.14, 129.9
3D TROSY-HNCO 500 15N, 13C, 1H 32U32U1024 10, 9.6, 136.4
Aliphatic side chain assignmentsc
2D [13C,1H]-COSYd 600 13C, 1H 800U1024 44.2, 73.1
2D ct-[13C,1H]-COSY 600 13C, 1H 256U1024 21.3, 122
3D 15N-resolved [1H,1H]-TOCSY 600 15N, 1H, 1H 34U150U512 18.4, 18, 64.9
3D H(C)CH-COSY 750 13C, 1H, 1H 35U150U1024 19.6, 7.3, 122.9
3D H(C)CH-TOCSY 600 13C, 1H, 1H 55U140U512 10.1, 16.8, 61.4
3D (H)CCH-COSY 500 13C, 13C, 1H 46U66U1024 20.7, 29.7, 85.2
Aromatic side chain assignmentse
2D [13C,1H]-TROSY 600 13C, 1H 75U1024 13.2, 285
3D TROSY-(H)CCH-COSY 600 13C, 13C, 1H 32U58U1024 6.4, 11.6, 102.4
Conformational constraints
3D 15N-resolved [1H,1H]-NOESY 750 15N, 1H, 1H 28U150U1024 16.1, 18, 129.9
3D 13C-resolved [1H,1H]-NOESYc 750 13C, 1H, 1H 28U150U1024 6.6, 22.2, 113.9
3D 13C-resolved [1H,1H]-NOESYe 750 13C, 1H, 1H 32U290U1024 6.8, 30.8, 108.9
aUnless otherwise indicated, a sample of uniformly 13C,15N-labeled BmPBP in 0.6 ml of 95% H2O/5% D2O containing 50 mM potassium phos-
phate bu¡er was used to measure the spectra, which were all obtained at 20‡C.
bThe dimensions were collected such that the ¢nal entry is the acquisition dimension.
cThe 13C carrier frequency was placed in the center of the aliphatic region at 35 ppm.
dMeasured using 10% biosynthetically directed 13C-labeled BmPBP [9].
eThe 13C carrier frequency was placed in the center of the aromatic region at 125 ppm.
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nomenclature introduced in previous structural studies of al-
ternative conformational states of BmPBP [3,6]. The loops
linking the helices are named after the helix preceding them,
so that the loop following the helix K1a is L1a. The loops are
well-de¢ned, except for L2 with the 14 residues 33^45 (Fig. 2),
where several resonances are missing, presumably due to con-
formational exchange. All six cysteinyl residues are involved
in disul¢de bridges, as veri¢ed by the fact that their CL chem-
ical shifts are all equal to or larger than 35 ppm [10], and the
framework of helices is stabilized by the three disul¢de bridges
Cys19^Cys54, connecting the helices K1b and K3, Cys50^
Cys108 between K3 and K6, and Cys97^Cys117 between K5
and K6 (Fig. 1). The network of NOE distance constraints is
consistent with the chemically determined disul¢de bonds
[26,27]. There are also a large number of non-covalent hydro-
phobic contacts between the side chains of the di¡erent heli-
ces. Each of the seven helices in BmPBPB includes one or
more C-capping interactions, and K5 and K6 also contain
N-capping hydrogen bonds [28]. Except for L2, the loops
connecting the helices contain numerous H-bonds; this helps
to explain their well-ordered structures (Fig. 2).
To further characterize the apparent increased structural
disorder in the C-terminal tail and the loop L2, we measured
15N{1H}-NOEs (data not shown). These show clearly that the
tail of residues 129^142 is £exibly disordered, and that the
loop L2 of residues 33^45 also shows increased mobility.
For both of these polypeptide segments, medium-range 1H^
1H NOEs are scarce and there are no long-range NOEs,
which is compatible with a £exibly disordered conformation.
The most striking feature of the solution structure of
BmPBPB is a hydrophobic cavity with a volume of 272Y 17
AT 3 (Fig. 3), which corresponds closely to the volume of bomb-
ykol (264 AT 3) [3]. This cavity corresponds to the space occu-
pied by bombykol in the BmPBP^bombykol complex (Fig. 4).
It is lined with the 21 hydrophobic side chains Met 5 and Leu
8 from the helix K1a, Phe 12 from the loop L1a, Phe 33, Tyr
34 and Phe 36 from L2, Ile 52 from K3, Met 61, Leu 62 and
Leu 68 from L3, Ala 73, Phe 76 and Ala 77 from K4, Ala 87,
Leu 90, Ile 91 and Val 94 from K5, and Trp 110, Val 114, Ala
115 and Phe 118 from K6. It also contains four polar side
chains of Asp 32 from K2, Thr 48 and Ser 56 from K3, and
Table 2
Input for the calculation and characterization of the energy-minimized NMR structures of BmPBPB
Quantity Valuea
NOE upper distance limitsb 2041
Dihedral angle constraints (P, i, M1 and M2) 448
Residual target function value (AT 2) 1.83Y 0.45
Residual distance constraint violations
Number v 0.1 AT 20Y 6
Maximum (AT ) 0.14Y 0.03
Residual dihedral angle constraint violations
Number v 2.5‡ 1Y 1
Maximum (degrees) 2.48Y 0.81
AMBER energies (kcal/mol)
Total 35326Y 92
van der Waals 3401Y 17
Electrostatic 36030Y 82
rmsd from ideal geometry
Bond lengths (AT ) 0.0074Y0.0001
Bond angles (degrees) 1.90Y 0.05
rmsd to the mean coordinates (AT )
N, CK, CP (1^33, 43^128) 0.77Y 0.16
All heavy atoms (1^33, 43^128) 1.13Y 0.14
N, CK, CP (1^128) 0.95Y 0.16
All heavy atoms (1^128) 1.39Y 0.14
N, CK, CP of regular secondary structuresc 0.62Y 0.14
All heavy atoms of regular secondary structuresc 1.04Y 0.13
aExcept for the top two entries, the data characterize the bundle of 20 conformers used to represent the NMR structure; the mean value and
the standard deviation are given.
bThe input also included the standard nine upper and nine lower distance constraints to enforce the three disul¢de bonds 19^54, 50^108, and
97^117 [18,26,27].
cRegular secondary structure elements are the K-helices 1a (residues 3^8), 1b (16^22), 2 (29^32), 3 (46^59), 4 (70^79), 5 (84^100), and 6 (107^
124).
Fig. 1. Ribbon drawing of one of the 20 energy-minimized DYANA
conformers of BmPBPB. The N- and C-termini are indicated. The
K-helices are colored red and yellow, and labeled with the numbers
speci¢ed in Table 2. Polypeptide segments with non-regular second-
ary structure are drawn as a gray line. The three disul¢de bridges
are shown in cyan. This and all other ¢gures were prepared with
the program MOLMOL [22].
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Glu 98 from K5. A superposition for best ¢t of the heavy
atoms of these side chains gives an rmsd of 1.2 AT , indicating
that the positions of most of these side chains are well de¢ned.
Actually, if one excludes the residues Asp 32, Tyr 34 and Phe
36 from K2 and L2, one calculates a rmsd of 0.89 AT , which
is comparable to the global backbone rmsd for the segment
1^128 (Table 2).
3.3. Data bank deposition
The atomic coordinates of the 20 energy-minimized DYANA
conformers of BmPBPB have been deposited at the RCSB
Protein Data Bank (www.rcsb.org) under the PDB Accession
code 1LS8.
4. Discussion
Comparison of the structure of BmPBPB with that of the
PBP polypeptide chain in the crystal structure of a BmPBP^
bombykol complex [3] shows two nearly identical folds (Fig.
4), with an average backbone rmsd value of 1.00 AT calculated
for N, CK and CP of the residues 1^128 between the ensemble
of BmPBPB conformers (Fig. 2) and the complex. Previously
the framework of the helices K1b, K3, K5 and K6 was shown
to be nearly invariant between BmPBPA and the BmPBP^
bombykol complex [4], and it is now found to be preserved
also in BmPBPB. Superposition of the backbone heavy atoms
of residues 16^22 from K1b, 46^55 from K3, 84^100 from K5,
and 107^122 from K6 results in an rmsd value of 0.62 AT
between BmPBPA and BmPBPB, and 0.50 AT between the pro-
tein in the BmPBP^bombykol complex and BmPBPB. This
striking preservation of a structural sca¡old of four helices
among three structures that show pronounced conformational
di¡erences in other molecular regions can be rationalized at
least in part through the anchoring of these four helices by
three disul¢de bonds (Fig. 1). The inherent rigidity of the
Fig. 2. Stereo view of a superposition for minimal rmsd of the backbone atoms in the residues 1^128 in 20 energy-minimized DYANA con-
formers representing the NMR structure of BmPBPB. The poorly ordered loop of residues 33^45 is shown in blue, the unstructured C-terminal
tail of residues 129^142 is gray, and all other residues are yellow.
Fig. 3. All-heavy-atom presentation of the NMR structure of
BmPBPB illustrating the central cavity. The backbone is shown as a
gray spline function through the CK positions, and side chains are
shown in red. The surface of the hydrophobic cavity is shown in
yellow.
Fig. 4. Comparison of the NMR structure of unliganded BmPBPB
and the crystal structure of a BmPBP^bombykol complex [3]. Free
BmPBPB is shown in yellow. In the complex, the protein is cyan,
and bombykol is magenta. The backbone atoms for residues 1^128
have been superimposed for best ¢t, with an rmsd value of 1.00 AT .
The N- and C-termini are indicated.
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disul¢de-linked four-helix sca¡old is probably also primarily
responsible for the fact that a large-volume hydrophobic cav-
ity is preserved in the absence of the ligand.
In some proteins, hydrophobic cavities serving as ligand-
binding sites have been observed to collapse partially in the
absence of a ligand that would support their structure [29^31].
In other proteins, corresponding hydrophobic cavities appear
to be fully preserved also in the absence of the ligand [32,33].
This includes a member of the non-speci¢c lipid transfer pro-
teins found in plants [33] and the human serum albumin [32].
Both the plant proteins and human serum albumin show no
signi¢cant sequence homology to PBPs, but they are also
stabilized by inter-helix disul¢de bridges, and similar to
BmPBP these proteins are presumed to be involved in the
transport of small hydrophobic ligands across a polar solvent
environment [29^33]. BmPBPB thus appears to be an addition
to a so far small collection of all-helical disul¢de-rich trans-
port proteins that maintain a full-size ligand-binding cavity in
the unliganded state. One is intuitively led to the conclusion
that this high-pH form of BmPBP is the reactive conforma-
tion, pre-shaped for ligand binding with only minimal confor-
mation change. These considerations further provide a ratio-
nale for the observation that the low-pH form of BmPBP does
not bind bombykol, since in BmPBPA the potential binding
cavity is occupied by a helix formed by the C-terminal dodeca-
peptide segment, which is £exibly unstructured in BmPBPB
(Fig. 2).
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